2 4 3 a r t I C l e S Synaptic vesicle endo-and exocytosis are mediated by distinct ensembles of proteins that are somehow coordinated, or coupled, such that these two components of the vesicle cycle are balanced; this balance is critical for maintaining releasable vesicle pools and keeping the area of the presynaptic plasma membrane relatively constant. One compelling candidate for linking these two processes is syt1, an integral membrane protein of synaptic vesicles. Findings from a variety of studies, ranging from genetic analysis of syt1 mutants to reconstituted membrane fusion reactions, support the conclusion that syt1 functions as a major Ca 2+ sensor during synaptic vesicle exocytosis 1,2 . The cytoplasmic domain of syt1 harbors tandem C2 domains (C2A and C2B) that interact with Ca 2+ , SNARE (soluble NSF attachment protein receptor) proteins and phospholipids to trigger membrane fusion. Furthermore, the C2B domain of syt1 has been reported to bind to endocytic adaptor proteins (that is, AP-2 and stonin-2), suggesting that syt1 may serve as a mediator of clathrin-dependent endocytosis [3] [4] [5] [6] [7] . Syt1 might therefore act to insure that the rates of endo-and exocytosis are balanced.
A parallel line of investigation has focused on Ca 2+ , as changes in intracellular [Ca 2+ ] regulate both endo-and exocytosis. An effect of Ca 2+ on endocytosis has been confirmed at calyx of Held, hippocampal and retinal bipolar cell synapses [12] [13] [14] [15] . In the calyx of Held, Ca 2+ not only directly triggers endocytosis, but also modulates the kinetics of this process 16, 17 . However, in small central synapses, it appears that Ca 2+ affects the macroscopic kinetics of synaptic vesicle endocytosis, but not the kinetics of unitary endocytic events, by increasing the capacity of the vesicle retrieval machinery 15 .
We uncoupled the function of syt1 during synaptic vesicle endoand exocytosis and directly examined the role of syt1 in endocytosis. Syt1 participated in Ca 2+ -dependent vesicle retrieval through the Ca 2+ -binding activity of either of its C2 domains. Moreover, we found that syt1 deletion mutants that harbored only a single C2 domain, C2A or C2B, were able to mediate the internalization of syt1. We conclude that syt1 functions as a dual Ca 2+ sensor during both endo-and exocytosis in hippocampal neurons and can therefore help to couple these two processes to maintain a balance in the synaptic vesicle cycle.
RESULTS

Effect of re-targeted syt1 on synaptic vesicle endocytosis
We first investigated whether the defect in endocytosis observed in syt1 knockout neurons can be directly attributed to the loss of syt1 (ref. 8) or whether this defect is secondary to the perturbation of exocytosis caused by the knockout. One idea for how syt1 might regulate endocytosis is via the recruitment of adaptor proteins, including AP-2 and stonin-2 (refs. [3] [4] [5] [6] [7] . This model predicts that syt1 must be present at substantial levels on nascent synaptic vesicles to facilitate vesicle retrieval. To test this, we re-targeted the cytoplasmic domain of syt1 to the presynaptic plasma membrane (Fig. 1a) . We fused the cytoplasmic C2A-C2B domain of syt1 to an N-terminal 20 amino-acid a r t I C l e S segment of GAP-43 (GAP43-C2AB), which is palmitoylated and anchored to the plasma membrane in neurons (Fig. 1b) and chromaffin cells (Supplementary Fig. 1 ; also see ref. 18 ). In syt1 knockout (Syt1 −/− ) neurons, both GAP43-C2AB and wild-type syt1 (syt1 FL ) were localized to presynaptic boutons, as revealed by co-staining with synapsin I (GAP43-C2AB, 73 ± 5%, n = 6 images; syt1 FL , 79 ± 8%, n = 10 images; Fig. 1c ), but GAP43-C2AB was expressed at a lower level than syt1 FL (57%; Fig. 1d ). To further investigate whether GAP43-C2AB was localized to synaptic vesicles or the plasma membrane, we compared the distributions of syt1 and GAP43-C2AB by subcellular fractionation (Fig. 1e) . Both native and exogenous syt1 were present in the synaptic vesicle and synaptosome fractions, with only low levels of GAP43-C2AB in the synaptic vesicle fraction (<4%).
To investigate the function of GAP43-C2AB in excitatory synaptic transmission, we compared evoked and miniature excitatory postsynaptic currents (mEPSCs) in syt1 knockout neurons and knockout neurons infected with lentiviruses that express either syt1 FL or GAP43-C2AB ( Fig. 1 and Supplementary Fig. 2 ). Consistent with previous reports [19] [20] [21] , single action potentials elicited relatively small asynchronous EPSCs in syt1 knockout neurons (138 ± 11 pA; Fig. 1f,g ). In contrast, robust EPSCs were observed in neurons expressing syt1 FL (781 ± 94 pA, P < 0.001). GAP43-C2AB expression in syt1 knockout neurons rescued evoked EPSCs with peak amplitudes similar to those evoked by syt1 FL expression (818 ± 73 pA, P > 0.05). Further analysis revealed similar kinetics of charge transfer during evoked transmission in neurons expressing syt1 FL or GAP43-C2AB, which were much faster than that of syt1 knockout neurons (Fig. 1h) ; quantal size was similar in all three groups (Supplementary Fig. 2 ). GAP43-C2AB fully rescued the elevated mEPSC frequency observed in syt1 knockout neurons. Thus, plasma membrane-targeted syt1 restored both normal spontaneous and evoked neurotransmitter release in syt1 knockout neurons. As noted above, the proportion of GAP43-C2AB to synaptic vesicles was low (Fig. 1e) ; we estimate that on average there will be less than one copy of GAP43-C2AB per synaptic vesicle.
Next, to directly monitor the effects of GAP43-C2AB on the synaptic vesicle cycle, we performed live-cell imaging of pHluorin-tagged synaptophysin (sypHy) 22, 23 . This reporter is efficiently quenched by low pH in the vesicle lumen and becomes bright following exocytosis 24 . GAP43-C2AB and sypHy were expressed via a double lentiviral infection (Fig. 2a) , and exocytosis was evoked by applying a 20-Hz field stimulus for 5 s (Fig. 2b,c) 25, 26 . We confirmed that syt1 knockout hippocampal neurons exhibited slower rates of endocytosis, with a significantly longer time constant (τ = 31.6 ± 0.6 s, P < 0.001), than wild-type neurons (τ = 18.2 ± 0.5 s) (Fig. 2b,d ) 10 . The kinetic defects in endocytosis in knockout neurons were fully rescued by expressing syt1 FL (τ = 19.0 ± 0.6 s, P > 0.05).
Notably, GAP43-C2AB was unable to rescue the slow rates of endocytosis that we observed in syt1 knockout neurons (τ = 36.7 ± 0.4 s, P < 0.001, as compared with wild-type neurons; Fig. 2b,d) . As a control, we designed another chimeric protein in which the cytoplasmic domain of syt1 was conjugated to the cytoplasmic tail of synaptophysin (physin-C2AB). This construct rescued the defects in endocytosis caused by the loss of syt1 (t = 15.9 ± 0.9 s, P > 0.05; Fig. 2b,d) . Thus, C2AB is fully functional as long as it is targeted to synaptic vesicles. The endocytic τ exhibited by syt1 knockout neurons was slightly increased by GAP43-C2AB expression (P < 0.001, as compared with syt1 knockout neurons; Fig. 2d ). However, this appeared to be a secondary effect of the knockout, as overexpression of GAP43-C2AB in wild-type neurons had no effect on the rate of vesicle internalization (τ = 20.2 ± 0.7 s, P > 0.05, as compared with wild-type neurons; Fig. 2b,d ). Figure 1 The plasma membrane-targeted cytoplasmic domain of syt1 rescues rapid synaptic vesicle exocytosis in syt1 knockout neurons. (a) Diagram of the GAP43-C2AB chimera. The cytoplasmic domain of syt1 (C2AB) was targeted to the presynaptic plasma membrane by fusing it to the first 20 residues of GAP-43. (b) Immunocytochemistry, using an antibody to the C2A domain, indicated that GAP43-C2AB was localized to the plasma membrane, whereas soluble GFP was cytosolic. Scale bar represents 10 µm. (c) Immunostaining with an antibody specific for the C2A domain of syt1 revealed that GAP43-C2AB was localized to synapsin I-labeled presynaptic boutons. Scale bar represents 4 µm. (d) Immunoblot analysis revealed that syt1 FL was expressed in syt1 knockout neurons at levels similar to endogenous syt1 in wild-type cells; GAP43-C2AB was expressed at somewhat lower levels (57%). (e) Distribution of expressed syt1 constructs analyzed via subcellular fractionation of wild-type neurons, syt1 knockout neurons, and knockout neurons expressing syt1 FL or GAP43-C2AB. Antibodies to the NMDA receptor (NMDAR) or synaptophysin were used to distinguish plasma membrane from synaptic vesicle fractions, respectively. Vertical lines denote different blots. npg a r t I C l e S Because the shape of the fluorescence decay of syt1 knockout neurons expressing GAP43-C2AB was not strictly mono-exponential (Fig. 2b) , we also compared the 50% fluorescence decay time between samples ( Fig. 2e) and similar trends were observed. We also performed FM4-64 uptake experiments to confirm that synaptic vesicle endocytosis was differentially affected by syt1 FL versus GAP43-C2AB in syt1 knockout neurons (Supplementary Fig. 3) .
Together, these findings suggest that, in syt1 knockout neurons, GAP43-C2AB is able to restore rapid synaptic vesicle exocytosis, but fails to rescue defects in endocytosis. To the best of our knowledge, this is the first instance in which these two functions of syt have been uncoupled. Although this uncoupling might be a result of the retargeting of the C2AB domain to the plasma membrane, we cannot exclude the possibility that the low levels of GAP43-C2AB on synaptic vesicles (Fig. 1e) were sufficient to regulate normal rates of release, but not normal rates of vesicle retrieval.
Uncoupling syt1 in exo-and endocytosis via mutations During exocytosis, the C2 domains of syt1 interact with Ca 2+ , SNAREs and lipids in the plasma membrane 2 . Recent studies indicate that Ca 2+ -bound syt1 must penetrate, and bend, the target membrane to facilitate fusion 18, 27, 28 . Because Ca 2+ and membrane bending are also involved in endocytosis 16, 17, 29, 30 , we sought to determine whether the interactions between syt1 and either Ca 2+ or membranes are important for syt1-mediated acceleration of synaptic vesicle endocytosis.
We used previously reported mutations that alter the membrane penetration (and thereby membrane bending) and/or Ca 2+ -binding activity of syt1 (refs. 18,27) . In the first Ca 2+ -ligand mutant form of syt1 that we examined, designated syt1 4DN , two Ca 2+ ligands in C2A and two ligands in C2B were neutralized by substituting the native aspartatic acid residues with asparagines, such that syt1 4DN could not bind to Ca 2+ and was therefore unable to penetrate membranes. In the alanine mutant (syt1 4A ), four non-polar residues in the membrane-penetration loops of C2A and C2B were replaced with alanines, such that the volume of the membrane penetration loops was reduced; these mutations virtually abolish the membrane penetration and bending activity of Ca 2+ -bound syt1 (ref. 18) . Although the Ca 2+ -binding activity of syt1 was attenuated by these mutations, vesicle coflotation assays indicate that syt1 4A can still bind to SNARE proteins to some extent in a Ca 2+ -promoted manner 18 , whereas Ca 2+ -promoted SNARE-binding activity was completely eliminated in syt1 4DN (ref. 31) . When expressed in syt1 knockout neurons, both of these syt1 mutants were present in presynaptic boutons ( Supplementary Fig. 4 ). Nevertheless, syt1 4A and syt1 4DN both failed to rescue fast vesicle exocytosis (syt1 FL , 793 ± 60 pA; syt1 4A , 107 ± 27 pA; syt1 4DN , 83 ± 14 pA; P < 0.001; Fig. 3a,b) .
In contrast with the alanine mutant, we also increased the volume of the membrane penetration loops by substituting the same nonpolar residues with tryptophans (syt1 4W ); these mutations enhance the Ca 2+ -dependent phospholipid binding, and membrane bending, activity of syt1 (refs. 18,27,32) . When expressed in syt1 knockout neurons, syt1 4W was targeted to presynaptic boutons ( Supplementary  Fig. 4 ), where it mediated larger EPSCs than syt1 FL (1,460 ± 130 pA, P < 0.001). This increase was caused by a higher synaptic vesicle release probability, as syt1 4W resulted in a faster depletion of the synaptic vesicle pool during a 2-s, 10-Hz stimulus train (Fig. 3c,d ) 32 .
Next, we evaluated the performance of all three syt1 point mutants during synaptic vesicle endocytosis using sypHy (Fig. 3e) . The slow endocytosis observed in syt1 knockout neurons was completely rescued by syt1 4A or syt1 4W (τ, 21.9 ± 0.6 s for syt1 FL , 23.2 ± 0.5 s for syt1 4A , 23.5 ± 0.6 s for syt1 4W , P > 0.05, compared with syt1 FL ; Fig. 3f,g ). The similar time constants for the alanine and tryptophan mutants indicate that membrane penetration is not involved in syt1-promoted endocytosis. Furthermore, enhancement of the Ca 2+ and membrane binding affinity in syt1 4W did not further accelerate endocytosis, consistent with our observation that increasing the Fig. 5) ; physiological extracellular [Ca 2+ ] appears to be saturating under these conditions. In marked contrast with the syt1 4A and syt1 4W mutants, syt1 4DN did not rescue slow endocytosis in syt1 knockout neurons (τ, 33.1 ± 1.1 s; P > 0.05, compared with syt1 knockout; Fig. 3f,g ). This observation was confirmed via FM4-64 uptake experiments (Supplementary Fig. 6 ).
Membrane penetration loop mutations in syt1 that either reduced (syt1 4A ) or enhanced (syt1 4W ) the function of syt1 during exocytosis had no secondary effects on the function of syt1 during endocytosis. Analogous to the re-targeting experiments described above, these mutations clearly uncouple the role of syt1 in endo-and exocytosis. Notably, both syt1 4A and syt1 4DN failed to rescue rapid exocytosis, but syt1 4A did rescue normal rates of endocytosis in syt1 knockout neurons. This difference between syt1 4A and syt1 4DN during vesicle retrieval can be attributed to the lack of Ca 2+ -binding activity in syt1 4DN , but not to reductions in exocytosis. Together, these results strongly suggest that syt1 functions as a Ca 2+ sensor during synaptic vesicle endocytosis. Does syt1 also regulate Ca 2+ -independent vesicle retrieval? To address this question, we replaced 20-Hz field stimulation with a 5-s superfusion of a hypertonic sucrose solution (0.5 M) to induce Ca 2+ -independent exo-and endocytosis ( Fig. 4a and Supplementary  Fig. 7) . Notably, endocytosis following sucrose treatment occurred with similar kinetics in wild-type and syt1 knockout neurons (wild type, τ = 17.0 ± 0.5 s for train stimulation, τ = 15.5 ± 0.4 s for sucrose, P > 0.05; syt1 knockout, τ = 27.8 ± 0.9 s for train stimulation, τ = 16.0 ± 0.4 s for sucrose, P < 0.001; Fig. 4b,c) , indicating that syt1 specifically functions during Ca 2+ -regulated synaptic vesicle retrieval. We confirmed that the sucrose-induced changes in sypHy fluorescence intensity reflect changes in synaptic vesicle retrieval and are not a result of mechanical effects (Supplementary Fig. 8 ).
Both C2 domains act as Ca 2+ sensors for endocytosis The C2B domain of syt1 was originally proposed to be critical for endocytosis, because only this domain was found to bind AP-2 (refs. 3, 33) . However, recent studies have suggested that syt1 interacts with stonin-2 through either of the C2 domains 7, 34 . We sought to determine which C2 domain of syt1 must sense Ca 2+ to accelerate endocytosis by mutating two Ca 2+ ligands in either C2A (C2A 2DN -C2B) or C2B (C2A-C2B 2DN ) a r t I C l e S (Fig. 5a ), expressing these constructs in syt1 knockout neurons, and conducting pHluorin imaging experiments. To avoid possible contributions of syt1 'null synaptic vesicles' , which would, in effect, decelerate endocytosis, we tagged pHluorin directly to the luminal tail of the syt1 constructs (pH-syt1). The rate of endocytosis was identical in syt1 knockout neurons expressing pH-syt1 to that of wild-type neurons expressing sypHy (Supplementary Fig. 9 ). Similar to syt1 4DN , pH-syt1 4DN was also unable to rescue rapid endocytosis (τ = 39.3 ± 1.1 s for pH-syt1 4A , τ = 17.5 ± 0.6 s for pHsyt1 FL , P < 0.001; Fig. 5b,c) . Notably, both C2A 2DN -C2B (16.1 ± 1.0 s) and C2A-C2B 2DN (17.5 ± 0.5 s) exhibited normal rates of endocytosis (P > 0.05), and the C2 domains appeared to be completely redundant at this level of analysis. To further verify these findings, we investigated the performance of the Ca 2+ -ligand mutants using a 'scrambled' form of pH-syt1 FL , in which the order of C2A and C2B was exchanged in the primary sequence of the protein (C2B-C2A; Fig. 5a ). Both C2B 2DN -C2A (17.5 ± 0.6 s) and C2B-C2A 2DN (19.5 ± 0.6 s) restored normal rates of endocytosis in syt1 knockout neurons (P > 0.05, compared to pH-syt1 FL ; Fig. 5b,c) . The Ca 2+ -ligand mutations in the C2B domain disrupted the function of syt1 during exocytosis, whereas analogous mutations in C2A do not 1, [35] [36] [37] . In sharp contrast with the function of syt1 in exocytosis, our data suggest that endocytosis can employ either C2 domain of syt1 to sense Ca 2+ .
C2A can internalize syt1 to newly retrieved synaptic vesicles Given that C2A was capable of facilitating endocytosis by sensing Ca 2+ , we asked whether C2A alone can mediate the internalization of syt1. We generated two deletion mutants of syt1 that contained only one of the two C2 domains. These proteins were tagged with pHluorin on their N-terminal luminal domain (pH-syt1 C2A and pH-syt1 C2B ; Fig. 6a ) to allow specific monitoring of the recycling of only those vesicles that harbored the mutant syt1 proteins.
We examined the targeting efficiency of pH-syt1 C2A and pH-syt1 C2B (Fig. 6b) and found that they were only partially colocalized with synapsin I in presynaptic boutons (pH-syt1 C2A , 23 ± 2%; pH-syt1 C2B , 29 ± 2%), as compared with pH-syt1 FL (71 ± 3%) (Fig. 6c) . Although the majority of boutons were devoid of the truncated mutant proteins, those boutons that contained the proteins showed robust immunofluorescence that was qualitatively similar to the signals obtained using pH-syt1 FL .
We then investigated the recycling kinetics of pH-syt1 C2A and pH-syt1 C2B , and found that pH-syt1 C2B was able to facilitate endocytosis as effectively as pH-syt1 FL (τ = 21.5 ± 0.9 s for pH-syt1 C2B , τ = 18.8 ± 0.8 s for pH-syt1 FL , P > 0.05; Fig. 6d,e) . Expression of pH-syt1 C2A resulted in efficient activity-dependent de-quenching and re-quenching of pHluorin fluorescence, indicating that syt1, lacking its C2B domain, can internalize into newly retrieved synaptic vesicles (τ = 20.0 ± 0.9 s for pH-syt1 C2A ; Fig. 6d,e) . Although the C2A domain was unable to trigger fast vesicle exocytosis, this domain was able to sense Ca 2+ to facilitate synaptic vesicle endocytosis. To the best of our knowledge, these are the first findings to directly support a role for C2A during synaptic vesicle endocytosis in neurons.
DISCUSSION
It has been argued that perturbations that reduce exocytosis can indirectly affect endocytosis by reducing 'endocytic drive' 17 and, thus far, this trend has applied to all previous studies (for example, see refs. 8-10). npg a r t I C l e S Thus, it has been unclear as to whether alterations in endocytosis, resulting from disruption of syt1, are secondary to defects in exocytosis. We found that the function of syt1 in synaptic vesicle endocytosis is independent of its role in exocytosis, as evidenced by our uncoupling experiments ( Figs. 1 and 2 ). This observation made it possible to interpret a series of experiments in which the Ca 2+ -binding activity of syt1 was abolished, revealing that syt1 functions as a Ca 2+ sensor during synaptic vesicle endocytosis (Figs. 3 and 4) . This Ca 2+ -sensor function is distinct from syt1's role in exocytosis, as both the C2A and C2B domains of syt1 are capable of sensing Ca 2+ to accelerate internalization of synaptic vesicles (Figs. 5 and 6) , whereas only the C2B domain appears to be essential for exocytosis [36] [37] [38] . Together, these findings indicate that syt1 is involved in coupling Ca 2+ regulated exo-and endocytosis in hippocampal neurons.
Uncoupling the function of syt1 in exo-and endocytosis In previous studies, defects in endocytosis induced by mutations or complete loss of syt1 were always associated with defects in exocytosis [8] [9] [10] . In a seminal study using acute photo-inactivation of syt1 (refs. 9,39), exocytosis was allowed to proceed in shibire ts mutants at the restrictive temperature. Photo-inactivation was then carried out and endocytosis was subsequently monitored at the permissive temperature and found to be absent. Recovery of endocytosis was not observed over the time frame of this experiment and, as syt1 is not required for endocytosis per se, these findings raise the possibility that the photo-inactivated syt1 adduct actively inhibits endocytosis that would normally occur.
Uncoupling the roles of syt1 in endo-and exocytosis would greatly facilitate our understanding of syt1's contribution to the vesicle retrieval pathway. We first addressed this problem by altering the local distribution of syt1 in neurons. Re-targeting the cytoplasmic domain of syt1 to the plasma membrane uncoupled its roles in of exo-and endoctosis. In a second approach, we used point mutations to selectively alter exocytosis. For example, abolishing the membrane penetration activity of syt1 (syt1 4A ) largely abolished exocytosis while leaving the ability of syt1 to facilitate endocytosis intact. We found that changes in exocytosis did not always result in changes in endocytosis, at least in mouse hippocampal neurons; this finding substantially affects the interpretation of the Ca 2+ -ligand mutants. Finally, analysis of deletion mutants indicated that the C2A domain alone cannot trigger exocytosis, but it can sense Ca 2+ to facilitate rapid endocytosis. Together, these findings indicate that syt1 has a direct function in endocytosis, independent of its function in exocytosis.
Syt1 as a dual Ca 2+ sensor for endo-and exocytosis Although both syt1 4A and syt1 4W were able to mediate rapid efficient endocytosis, syt1 4DN failed to rescue normal endocytosis in syt1 knockout neurons. Given that syt1 4A retains syt1's Ca 2+ -sensing activity, whereas syt1 4DN is unable to bind Ca 2+ , these results strongly suggest that syt1 must bind Ca 2+ to accelerate endocytosis. We found that both the C2A and C2B domains of syt1 are capable of rescuing defects in endocytosis in hippocampal neurons by binding to Ca 2+ . Our results differ from those of a previous study carried out using Drosophila, in which a truncation mutant lacking C2B, but containing an intact C2A domain, could not rescue defects in endocytosis measured using a synaptobrevin-based pHluorin 11 . This apparent discrepancy might be a result of inefficient targeting of truncated syt1 (Fig. 6b,c) ; a large number of synapses, devoid of mutant syt1, are likely to express the synaptobrevin-based optical reporter. To mitigate this concern, we fused a pHluorin directly to syt1. By fusing the pH sensor directly to wild-type or truncated syt1 proteins, we ensured that changes in fluorescence exclusively represent the recycling of synaptic vesicles that harbor the mutant protein. Using this approach, we found that either C2A or C2B were able to accelerate endocytosis in neurons. However, in the Drosophila neuromuscular junction (NMJ), Ca 2+ -ligand mutations in C2B alone disrupted endocytosis 11 , and it therefore appears that fly and mouse syt1 operate in different ways during vesicle retrieval.
A previous study 11 has been used as evidence for the idea that the decelerated endocytosis observed in syt1-deficient neurons is secondary to reduced rates of exocytosis 17 . However, this idea does not appear to apply to the system that we used, as we found that mutations in syt1 that reduce exocytosis did not always give rise to changes in the rate of endocytosis. If this is also true at the Drosophila NMJ, the C2B Ca 2+ -ligand studies reported previously 11 also support the notion that syt1 acts as a Ca 2+ sensor for synaptic vesicle endocytosis.
Our results regarding syt1 deletion mutants, which lacked either C2A or C2B, indicate that either of the C2 domains can accelerate endocytosis. The notion that the C2A domain participates in vesicle retrieval is new and might be viewed as surprising, as this domain cannot directly bind to AP-2µ 3, 34 . However, stonin-2, a sorting protein adaptor that is specific for syt1, is now believed to bind to C2A even more strongly than to C2B 34 . Thus, the internalization of C2A is likely to involve the recruitment of stonin-2, as suggested by recent studies using non-neuronal cells 34 .
Ca 2+ sensors and modes of endocytosis Synaptic vesicle endocytosis occurs on time scales that are much slower than those of exocytosis. Given that kinetic studies have shown that syt1 binds and unbinds Ca 2+ and membranes in milliseconds 40 , the question arises as to how syt1 can regulate endocytosis seconds after Ca 2+ microdomains have collapsed. One possible explanation is that syt1 interacts with an endocytic partner protein that gives rise to long-lived tripartite complexes with Ca 2+ . Although Ca 2+ might be retained in such complexes, it is also possible that Ca 2+ acts to allow complex assembly, but is not needed once complexes have formed. Alternatively, a regulatory protein might be bound to syt1 under resting conditions, but is released once syt1 binds Ca 2+ , thereby allowing syt1 to accelerate endocytosis.
In wild-type neurons, we found that the endocytosis that occurred following application of hypertonic sucrose was as rapid as the endocytosis that followed 20-Hz electrical stimulation (Fig. 4) . Using sucrose, the rate of vesicle retrieval was not affected by loss of syt1. It is interesting that this Ca 2+ -independent mode of endocytosis exhibited the same kinetics as the Ca 2+ -dependent pathway. However, these two vesicle retrieval pathways are likely to involve different mechanisms; syt1 appears to only be involved in the Ca 2+ -triggered pathway.
In different cell types, Ca 2+ -dependent endocytosis might be mediated by distinct proteins. In addition to syt1, candidate Ca 2+ sensors include calcineurin [41] [42] [43] and calmodulin 17, 44, 45 . Calcineurin can promote endocytosis in cortical synaptosomes 41 , but exerts an inhibitory effect during endocytosis at the Drosophila NMJ 46 . Recently, calcineurin was suggested to be crucial for activity-dependent bulk endocytosis 43 . Calmodulin has been suggested to operate as a Ca 2+ sensor for endocytosis in chromaffin cells 44, 45 and the calyx of Held 17 . Thus, additional Ca 2+ sensors may serve to regulate endocytosis in hippocampal neurons, analogous to the 'two Ca 2+ sensor' model that has been proposed to explain the different temporal phases of neurotransmitter release 1, 19, 47 .
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/. a r t I C l e S Note: Supplementary information is available on the Nature Neuroscience website.
ONLINE METHODS
cdnA constructs. cDNA encoding sypHy (with two copies of a pH-sensitive GFP) 23, 48 was kindly provided by E. Kavalali (University of Texas Southwestern Medical Center) with permission from Y. Zhu (Salk Institute). cDNA for pH-syt1 was kindly provided by T. Ryan (Weill Cornell Medical College) 49 . For electrophysiology and fluorescence imaging experiments, we used a lentiviral vector system, pLox Syn-DsRed-Syn-GFP (pLox; kindly provided by F. Gomez-Scholl (University of Seville)), by substituting the DsRed coding sequence with the target cDNA sequence. One synapsin promoter (Syn) directs the expression of GFP while the other drives expression of the indicated construct. GFP serves as an in-vector marker to identify infected neurons. For pHluorin fluorescence imaging experiments, the GFP sequence in the pLox vector was substituted with mCherry to avoid spectral overlap with pHluorin. For experiments using fragments of syt1, the intact cytoplasmic domain consisted of residues 96-421, C2A consisted of residues 96-265 and C2B consisted of residues 248-421. For experiments using point mutant versions of syt1, Met173, Phe234, Val304 and Ile367 were mutated to alanine for syt1 4A and to tryptophan for syt1 4W ; aspartic acid Ca 2+ ligands 230, 232 (in C2A), 363 and 365 (in C2B) were mutated to asparagine for syt1 4DN . We also characterized syt1 mutants that harbored the Ca 2+ -ligand mutations in only C2A (D230, 232N) or C2B (D363, 365N) . To build the pH-syt10 construct used for experiments in Supplementary Figure 8 , we substituted full-length syt10 for the full syt1 sequence in the pH-syt1 FL construct 49 .
cell culture and lentiviral infection. Cultured hippocampal neurons and chromaffin cells were prepared from postnatal day 0-1 mice as described previously 21 . Lentiviral particles were generated as described previously 18 . Neurons were infected with virus at 5 d in vitro (DIV) and analyzed at 16-21 DIV. Chromaffin cells were infected at 0 DIV and analyzed at 4 DIV.
electrophysiology. Whole-cell recordings were performed in voltage-clamp mode using a MultiClamp 700B amplifier (Molecular Devices). The recording chamber was continuously perfused with a bath solution (128 mM NaCl, 30 mM glucose, 5 mM KCl, 5 mM CaCl 2 , 1 mM MgCl 2 and 25 mM HEPES; pH 7.3) at 21-23 °C. We applied 50 µM d-AP5 (NMDA receptor antagonist, Tocris) and 20 µM bicuculline (GABA A receptor antagonist, Tocris) to isolate AMPA receptor-mediated EPSCs. Patch pipettes were pulled from borosilicate glass and had resistances of 3-5 MΩ when filled with internal pipette solution (130 mM potassium gluconate, 1 mM EGTA, 5 mM sodium phosphocreatine, 2 mM Mg-ATP, 0.3 mM Na-GTP and 10 mM HEPES; pH 7.3). The series resistance was typically <15 MΩ and was partially compensated to 60-80%. The membrane potential was held at −70 mV. To trigger an action potential, we depolarized presynaptic neurons with a theta stimulating electrode and a voltage step from 0 V to 20-30 V for 1 ms; EPSCs were recorded from connected postsynaptic neurons. For the mEPSC recordings shown in Supplementary Figure 2 , the bath solution was supplemented with 0.5 µM tetrodotoxin to block Na + channels. Data were acquired using pClamp software (Molecular Devices), sampled at 10 kHz and filtered at 2 kHz. Off-line data analysis of EPSCs was performed using Clampfit and Igor (WaveMetrics) software.
Fluorescence imaging. Neurons were continuously perfused with bath solution (140 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 2 mM MgCl 2 , 10 mM HEPES, 10 mM glucose, 10 µM CNQX, 50 µM d-AP5; pH 7.4). When Ca 2+ -free bath solution was used, 2 mM CaCl 2 was replaced with 2 mM MgCl 2 . Neurons were depolarized using 1-ms, 70-V bipolar pulses via two parallel platinum wires embedded in the imaging chamber, or were superfused with hypertonic sucrose solution. For the AM-BAPTA experiments in Supplementary Figure 7 , neurons were perfused with Ca 2+ -free bath solution containing 30 µM AM-BAPTA, and were preincubated with AM-BAPTA for 15 min before imaging experiments. A Xenon arc lamp was used as the light source for excitation, and images were acquired at 1-s intervals with a typical exposure time of 400 ms for pHluorin or 100 ms for FM4-64 on a Nikon TE300 inverted microscope. The following band-pass optical filters (±15-20 nm) were used: pHluorin (excitation, 484 nm; emission, 517 nm) and FM4-64 (excitation, 484 nm; emission, 645 nm). A neutral density filter (ND 0.3, Chroma) was used for FM4-64 to minimize photobleaching. Fluorescence changes at individual boutons were monitored using an EMCCD camera (Cascade 512IIB, PhotoMetrics) with 2 × 2 binning, collected and analyzed off-line using MetaMorph software (Universal Imaging). In all experiments, images were acquired for 10 s before stimulation to establish a stable baseline. The regions that showed ∆F larger than five arbitrary units during stimulation were initially selected and marked with a seven-pixel diameter circle (corresponding to ~1.5 µm). This cut-off for selection (five arbitrary units), which is 1.5-fold larger than the full-width half maximum of the Gaussian distribution of fluorescence noise, was determined as described previously 50 . Those regions that showed abrupt ∆F larger than five arbitrary units over any three consecutive time points during the baseline acquisition were discarded. Further selection was based on morphology (oval shape) and immobility during acquisition. Bleaching was less than 1% for 120-180-s time-lapse experiments and was not corrected.
Antibodies and immunocytochemistry.
Mouse monoclonal antibodies specific for syt1 (41.1), NMDAR (54.1) or synaptophysin (7.2) used for immunoblot analysis were kindly provided by R. Jahn (Max Planck Institute for Biophysical Chemistry). The same antibody for syt1 (1:400), a chick polyclonal antibody specific for GFP (1:1000, Abcam), and a rabbit polyclonal antibody specific for synapsin I (1:200, Chemicon) were used to localize GAP43-C2AB and syt1 mutants. Cy3-conjugated antibody to mouse (1:500, Jackson ImmunoResearch Laboratories) and Alexa647-conjugated antibody to rabbit (1:500, Invitrogen) were used to visualize immunofluorescence. Immunocytochemistry was carried out and analyzed as described previously 21 . All images were collected using a confocal microscope (FV1000, Olympus) with a 60× NA 1.10 water-immersion objective (Olympus). Images were acquired using Fluoview software version 1.6 (Olympus), and analyzed using ImageJ (US National Institutes of Health) or Adobe Photoshop software (Adobe).
cell fractionation and immunoblot analysis. Neurons were homogenized with a Dounce tissue grinder and centrifuged at 1,000g for 10 min to remove unbroken cells and large fragments. A crude synaptosomal pellet was collected after further high-speed centrifugation at 12,000g for 15 min. The synaptosomal pellet was resuspended in HEPES buffer supplemented with 1 volume of 320 mM sucrose and lysed with nine volumes of ice-cold water, followed by centrifugation at 66,000g for 25 min. The supernatant was collected and mixed with equal volumes of Optiprep solution and layered with 30% and 0% Optiprep. The step gradient was centrifuged at 20,000g for 5 h and synaptic vesicles were collected from the 0-30% interface. The protein concentration was determined using the BCA assay and 1 µg of each sample was resolved by SDS-PAGE. The samples were transferred to nitrocellulose and immunoblotted for synaptic vesicle and plasma membrane markers.
Statistical analysis. The two-tailed unpaired Student's t test was used to determine the statistical significance of observed differences between various conditions. 
